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The N-glycosylation of plant proteins starts with the ferent recombinant PHA were compared. In addition transfer in the endoplasmic reticulum ( ER) of the oligoto this study on plant-specific glycosylation, the same saccharide precursor Glc 3 Man 9 GlcNAc 2 from a dolichol model glycoprotein was used to investigate whether lipid carrier to specific Asn residues on the nascent or not N-glycosylation and N-glycan maturation is polypeptide chain. The precursor is subsequently modified organ-specific in plants.
by glycosidases and glycosyl transferases during the transport of glycoproteins to their final location as illusKey words: N-linked oligosaccharide, biosynthesis and trated on Fig. 2 . The oligosaccharide precursor Glc 3 function, phytohaemagglutinin.
Man 9 GlcNAc 2 first undergoes an early trimming of the three terminal glucose units catalysed by the glucosidases I and II in the ER (Szumilo et al., 1986a; Structure of plant N-linked glycans 1990a). A transient reglucosylation by an ER UDPglucose: glycoprotein glucosyltransferase may occur subPlant N-linked glycans are usually classified in two general groups: the high-mannose-type N-glycans having the gensequent to the elimination of these three glucose residues (Parodi et al., 1984; Trombetta et al., 1989) . This reglucoeral structure Man 5-9
GlcNAc 2 and the complex-type Nglycans arising from the trimming of mannose residues sylation has been shown to act on unfolded proteins and is involved in the quality control of glycoproteins in the from high-mannose oligosaccharides and transfer of additional sugars. Recent results obtained in our laboratory ER (Hammond et al., 1994) . In mammals, prior to the trimming of mannose residues by the Golgi a-mannosidhave led to the conclusion that the maturation of highmannose-type N-glycans leads to the formation of differase I, an ER-mannosidase specifically removes a single mannose residue to yield Man 8 GlcNAc 2 . An ER-mannosent categories of N-glycans which can no longer be brought together in a single group. As a consequence, idase has not been detected in plants so far. However, the structures of the major N-linked glycans of an ER oligosaccharides having terminal GlcNAc residues or of the Man 5 GlcNAc 2 high-mannose-type glycan. This step is catalysed by the N-acetylglucosaminyltransferase I (GNT I ) to yield GlcNAcMan 5 GlcNAc 2 (Johnson and Chrispeels, 1987; Tezuka et al., 1992) . Two additional mannose are then removed from GlcNAcMan 5 GlcNAc 2 by the a-mannosidase II (a-Man II ) ( Kaushal et al., 1990b) and another outer N-acetylglucosamine residue is transfered by the N-acetylglucosaminyltransferase II (GNT II ) to the a(1, 6) mannose branch (Johnson and Chrispeels, 1987; Tezuka et al., 1992) . At this stage, a(1, 3)-fucosylation and b(1, 2)-xylosylation of the core Man 3 GlcNAc 2 may occur to yield plant specific N-linked glycans. The study of the substrate specificity of the a(1, 3)-fucosyltransferase (a(1, 3)-FucT ) and the b(1, 2)-xylosyltransferase ( b(1, 2)-XylT ) has shown that the presence of at least one terminal N-acetylglucosamine residue is a prerequisite for the transfer of a(1, 3)-fucose and b(1, 2)-xylose (Johnson and Chrispeels, 1987; Tezuka et al., 1992; Staudacher et al., 1995) . The sequences of these two events are not completely understood. Plant Nlinked glycans having only a b(1, 2)-xylose or only an a(1, 3)-fucose residue have been identified in plant glycoproteins (d'Andrea et al., 1988; Sturm et al., 1987b; Hayashi et al., 1990; Ohsuga et al., 1996; Costa et al., 1997) . Moreover, the substrate specificities of the a(1, 3)-FucT and b(1, 2)-XylT are not affected, respectively, by the absence of the b(1, 2)-xylose or a(1, 3)-fucose residues linked to the core (Johnson and Chrispeels, 1987; Tezuka et al., 1992; Staudacher et al., 1995) . Consequently, the a(1, 3)-fucosylation and b(1, 2) -xylosylation appear to be independent events. This was confirmed by our recent structural analysis of N-glycans in a fucose-deficient mutant of Arabidopsis thaliana showing that in the absence of fucosylation the other modifications of N-linked glycans are not affected (Rayon et al., 2)-xylosylation and a(1, 3)-fucosylation events, we have demonstrated that these two steps occur mostly in the medial and the trans Golgi cisternae, respectively. This resident chaperone, calreticulin, purified either from the spinach (Navazzio et al., 1996) or from maize indicates that during the transport of the glycoprotein through the Golgi apparatus, the b(1, 2)-xylose transfer (Rayon et al., unpublished results) were identified as Man 8
GlcNAc 2 and Man 9-8 GlcNAc 2 , respectively, which starts before the addition of the a(1, 3)-fucose residue on the core (Fitchette-Lainé et al., 1994) . indicated that a specific mannosidase could also be involved in the processing of plant N-linked glycans After the tranfer of xylose and fucose on the core, complex-type N-glycans can be further modified by the within the ER.
Plant N-glycans can be further modified in the Golgi addition of terminal fucose and galactose residues to yield mono-and bi-antennary plant complex N-glycans. into complex-type N-glycans during the transport of the glycoprotein from the cis, through medial to trans cisThese structures have recently been characterized and it was found that the antennae are constituted of ternae. First, the a-mannosidase I (a-Man I ) removes one to four a(1, 2)-mannose residues and converts Galb1-3(Fuca1-4)GlcNAc sequences ( Fig. 2 ) ( FitchetteLainé et al., 1997; Melo et al., 1997) . This sequence, Man 9 GlcNAc 2 to Man 5 GlcNAc 2 (Szumilo et al., 1986b; Sturm et al., 1987a) . Then, the biosynthesis of complexknown as Lewis a (Lea) antigen, is usually found on cell surface glycoconjugates in mammals and involved in celltype N-glycans starts with the addition of a first Nacetylglucosamine residue to the a(1, 3) mannose branch cell recognition and cell adhesion processes. These new plant glycan epitopes result from the addition of fucose type N-glycans with terminal GlcNAc or Lea antennae. This confirms that the post-Golgi maturation of interand galactose residues by a b(1, 3)-galactosyltransferase ( b(1, 3)-GalT ) and an a(1, 4)-fucosyltransferase (a(1, 4)-mediate complex-type N-glycans occurs mostly in the vacuole and rapidly leads to the formation of paucimanFucT ) on terminal N-acetylglucosamine residues of complex-type N-glycans. The study of the substrate specificity nosidic oligosaccharides ( Fitchette-Lainé et al., unpublished results). of the a(1, 4)-FucT has shown that this enzyme specifically transfers fucose from GDP-fucose to Galb1-3GlcNAc
Paucimannosidic-type N-glycans result from the postGolgi removal of at least terminal N-acetylglucosamine (Crawley et al., 1989; Fitchette-Lainé et al., 1997) . Furthermore, it has recently been shown that antibodies residues from complex-type N-glycans (Fig. 2) . However, these modified oligosaccharides may also result from the specific to the Lea antigen are able to label the trans and trans Golgi network specifically which confirms that the degradation of larger complex-type glycans such as Leacontaining N-glycans, by successive action of exoglycosidformation of the Lea epitope is a late event in the plant N-linked glycan processing ( Fitchette-Lainé et al., unpubases as illustrated on Fig. 2 . As an alternative to this late trimming, it has also been considered that complex-type lished results).
After their maturation in the ER and the Golgi appar-N-glycans particularly those containing the Lea epitope could be the products of a late maturation occurring atus, the complex-type N-glycans can be further modified either during the glycoprotein transport to, or in the exclusively on the way to the extracellular compartment. This hypothesis of a late maturation could be ruled out. compartment of, its final location. For example, the terminal glucosamine residues attached to the complexIndeed, recent results using a double immunolabelling experiment show that vacuolar glycoproteins containing type N-glycan of a vacuolar lectin, the bean phytohaemagglutinin (PHA), were found to be removed in the vacuole paucimannosidic-type N-glycans on their mature form, and Lea-containing glycoproteins cross the same Golgi by the action of an N-acetylglucosaminidase ( Vitale and Chrispeels, 1984) . In addition, most vacuolar glycoprostacks before targeting their final destination. This confirms that the Lea-containing complex N-glycans do not teins described so far were found to be N-glycosylated with the same kind of modified N-glycans containing result from late modifications, i.e. galactose and fucose additions, occurring exclusively in compartments of the fucose and/or xylose residues, but devoid of terminal glucosamine residues. As indicated above, these N-linked secretory pathway that specialize in the transport of proteins to the extracellular medium. oligosaccharides have been called paucimannosidic-type N-glycans ( Fig. 2) . As the presence of terminal glucosamAs developed above, glycosyltransferases and glycosidases modify N-linked glycans during the transport of the ine residues is a prerequisite for the transfer of the a(1, 3)-fucose and the b(1, 2)-xylose residues, paucimannosglycoproteins from the ER to their final destination. However, some glycoproteins exclusively have glycans of idic-type N-glycans can only result from post-Golgi modifications occurring on complex-type N-glycans (Fig. 2) .
the high-mannose-type or have both high-mannose-type and complex or paucimannosidic-type N-glycans on In contrast, extracellular glycoproteins, such as sycamore laccase ( Takahashi et al., 1986) , miraculin ( Takahashi different N-glycosylation sites. This indicates that on a glycoprotein some oligosaccharide side-chains are proet al., 1990) and the pollen allergen Cry j I (Ogawa et al., 1996) , were found to be N-glycosylated mostly by comcessed in the Golgi apparatus and in post-Golgi compartments while others are not. The extent of glycan plex-type N-glycans including large structures with terminal fucose and galactose residues that have recently modification is related to their accessibility to the processing enzymes. For example, PHA, the bean lectin, is been characterized as Lea-containing oligosaccharides. These complex oligosaccharides may also be partially N-glycosylated by one paucimannosidic-type on Asn 60 and one high-mannose-type oligosaccharide on Asn 12 degraded by exoglycosidases in the extracellular compartment as demonstrated in Tezuka et al. (1993) , but the per polypeptide ( Vitale and Chrispeels, 1984) . This later side-chain was shown to have a low accessibility to rate of degradation appears to be lower than observed in the vacuole. To investigate whether this process is a enzymes and remains unmodified on mature PHA which illustrates that the protein conformation is a major detercommon feature of plant glycoproteins, the populations of glycoproteins that accumulate both in the vacuole and minant in oligosaccharide modifications . the extracellular compartment of plant cells ( FitchetteLainé et al., unpublished results) have been analysed. Using both structural and immunological approaches, the , 1984) . Furthermore, the targeting of vacuolar glycoproteins has been found to be unmodified in different approaches such as the use of N-glycosylation and N-glycan-processing inhibitors, site-directed mutathe presence of N-glycosylation inhibitors (Bollini et al., 1985) . The expression in transgenic tobacco plants of a genesis of N-glycosylation sites or the study of mutants affected in the maturation of N-glycans. In these three PHA cDNA mutagenized on both N-glycosylation sites did not alter the accumulation of the unglycosylated lectin strategies, either the N-glycosylation is completely suppressed or only the processing to complex-type N-glycans in the protein bodies of transgenic tobacco seeds ( Voelker et al., 1989) . The intracellular transport of several other is inhibited. In both cases, the analysis of the effects of these alterations have provided some informations convacuolar glycoproteins has been investigated using similar approaches. All results have led to the conclusion that cerning the roles N-glycans in plants.
In plants, N-linked glycans strongly influence the glyco-N-linked glycans have no specific role in the targeting of plant glycoproteins to the vacuole. protein conformation, stability and biological activity. In the early steps of the protein biosynthesis when the The function of oligosaccharide side-chains in the secretion of plant glycoproteins into the extracellular compartnascent polypeptide enters the lumen of the ER and the oligosaccharide transferase attaches the oligosaccharide ment has also been investigated. In the presence of tunicamycin, an N-glycosylation inhibitor, most extracelprecursor to specific asparagine residues, the presence of N-glycans affects both the co-and post-translational lular N-glycosylated glycoproteins are not secreted any more (Driouich et al., 1989; Faye and Chrispeels, 1989) . folding of the protein. Numerous works have also demonstrated that N-glycans can protect the protein from proThis result is consistent with the interpretation that the unglycosylated carrot cell-wall b-fructosidase is degraded teolytic degradation, as well as the fact that they are responsible for the thermal stability, solubility and bioloin the secretory pathway or immediately after its arrival in the wall (Faye and Chrispeels, 1989) . However, the gical activity of glycoproteins. For example, concanavalin A (Con A), the lectin from jack bean seeds, is synthesized processing of high-mannose-type to complex-type Nglycans is not required for transport and secretion of as a glycosylated inactive prolectin, the pro-Con A. In planta, the processing of pro-Con A into Con A occurs extracellular glycoproteins in plants (Driouich et al., 1989; . As a consequence, these results in protein bodies and involves two endoproteolytic events to excise a glycopeptide from the centre of the pro-Con demonstrate that the Golgi-mediated maturation of N-glycans is dispensable for an efficient secretion of A molecule followed by the ligation of the polypeptide chains (Bowles et al., 1986; Chrispeels et al., 1986) . plant glycoproteins. New strategies are currently being developed to investigate whether, when the N-glycosylInhibition of the pro-Con A N-glycosylation strongly reduces its transport from ER to the protein storage ation is inhibited, the prevention of glycoprotein secretion is correlated to a misfolding of the protein, to the absence vacuole ( Faye and Chrispeels, 1987) . Furthermore, proCon A, which has no lectin activity, could be converted of a glycan targeting signal or to the degradation of the protein by proteases during the intracellular transport or to a carbohydrate-binding protein after in vitro deglycosylation with Endo H (Ramis et al., unpublished results).
after the secretion in the extracellular compartment. Both results indicate that the N-glycosylation of Con A is important for its transport to the vacuole and the PHA: a reporter glycoprotein for the study of the regulation of its lectin activity. The regulation of the plant protein N-glycosylation lectin activity is crucial since a lectin with high affinity for high-mannose-type N-glycans, such as the mature Most plant glycoproteins analysed so far for their glycan structure, have been selected because of their abundance, Con A, will probably bind to newly synthesized N-linked glycoproteins in the ER preventing their transport downeither because they are storage proteins that accumulate in large amounts in plant seeds or because they are stream in the secretory pathway.
In animal cells, oligosaccharide side-chains may act as commercially available. In addition, glycan structural analyses have rarely been carried out on several glycoprothe targeting signal for lysosomal glycoproteins (Sly and Fischer, 1982) . The high-mannose-type N-glycans of these teins from the same plant. As a consequence, the heterogeneity of plant systems used for these studies makes any hydrolases are phosphorylated in the cis-Golgi compartment and the resulting mannose-6-phosphate-containing comparison difficult. To obtain more general information on the plant N-glycosylation, a new strategy in plant glycoprotein is recognized by membrane receptors and subsequently transported to lysosomes. The function of glycobiology has been developed combining the use of recombinant tools and high sensibility methods for struc-N-glycans in the targeting of proteins into the vacuole, the plant equivalent of animal lysosome, has been extenstural analysis from low quantities of N-linked glycans. A model glycoprotein, PHA, was expressed in different ively studied. Plant protein N-glycans are not phosphoryl-transgenic plant systems to investigate whether the structural information obtained on this bean storage glycoprotein N-glycans is plant and organ-specific.
Phytohaemagglutinin (PHA) is a vacuolar storage glycoprotein of the common bean Phaseolus vulgaris. PHA consists of two isolectin subunits: PHA-E and PHA-L. PHA has been used as a model glycoprotein to study the targeting and the N-glycosylation of vacuolar glycoproteins in transgenic plants. In this view, a cDNA encoding PHA-L was introduced in different plant systems using an Agrobacterium-mediated transformation ( Voelker et al., 1987; Sturm et al., 1988; Herman et al., 1989; Rayon et al., 1996) .
Previous analyses have described PHA as a glycoprotein having one paucimannosidic-type N-glycan Man 3 XylFucGlcNAc 2 on Asn 60 and one major highmannose-type Man 8 GlcNAc 2 oligosaccharide on Asn 12 Sturm et al., 1992) . The presence of a high-mannose-type side-chain was found to result from the low accessibility of the oligosaccharide Nlinked to Asn 12, to Golgi enzymes on mature PHA . As a consequence, PHA appears to be an excellent model glycoprotein for the study of sidechain accessibility, as well as for the study of the maturation of paucimannosidic glycans in plants. Furthermore, the lectin activity of PHA allows its easy purification from transgenic plant systems by affinity chromatography on a thyroglobulin-Sepharose column (Felsted et al., 1975) . In a previous work, the structures of N-linked glycans of PHA isolated from bean cotyledons or from transgenic suspension-cultured tobacco BY2 cells (Rayon et al., 1996) have been analysed and compared. N-linked glycans were released by PNGase A and analysed by High-pH Anion Exchange Chromatography with Pulsed Amperometric Detection (HPAEC-PAD) ( Rayon et al., 1996) . This HPLC system allows the separation and detection of very low amounts of reducing oligosaccharides ( Townsend and Hardy, 1991) . To compare formed with the PHA-L cDNA using the CaMV 35S the paucimannosidic-type N-glycans Man 3 XylFucGlcNAc 2 and Man 3 XylGlcNAc 2 , respectively. Man-6 to Man-9 refer to the highpromoter as previously described for transgenic tobacco mannose-type N-glycans Man 6 GlcNAc 2 to Man 9 GlcNAc 2 . Asn 12 and cells (Rayon et al., 1996) . PHA was also expressed in Asn 60: asparagine residues 12 and 60 constitutive of the two NArabidopsis thaliana as described in von Schaewen et al.
glycosylation sites of PHA-L.
(1993). PHA was purified by affinity chromatography from Phaseolus vulgaris, transgenic tobacco cells and plants, as well as from transgenic Arabidopsis thaliana purified by affinity chromatography which indicates that PHA isolated from bean and transgenic plants has a and PHA N-linked glycans were isolated as previously reported (Rayon et al., 1996) . HPAEC-PAD profiles of similar lectin activity. As a consequence, the folding and assembly of this lectin should be identical whatever the the N-linked glycans of the bean and recombinant PHA are presented Fig. 3 . The different oligosaccharides were expression system used. Therefore, the accessibility to Golgi enzymes and the resulting processing of the sideidentified as high-mannose-type and paucimannosidictype N-glycans by comparison with standards or by chains should be similar in PHA isolated from bean and from transgenic plants. As a consequence, in the HPAECNuclear Magnetic Resonance (NMR) and mass spectrometry analysis (Rayon et al., 1996) . All samples were PAD profiles of N-linked glycans isolated from recombin-ant PHA, high-mannose-type N-glycans were assigned to PHA. PHA was recovered with the same ratio in the different extracts which indicates that the expression level Asn 12 and the paucimannosidic-type N-glycans to Asn 60 as previously described for bean PHA. of this model glycoprotein is similar in the different tobacco organs (about 1% of the total protein popula-HPAE-PAD chromatography allows a rapid and detailed identification of the N-glycosylation pattern of a tion). PHA expressed in the different organs was purified by affinity chromatography on a thyroglobulin-Sepharose protein. As shown in Fig. 3 , the processing of the sidechain located on Asn 60 of recombinant PHA, results in column. Then, PHA N-glycosylation was compared in each organ to the N-glycosylation of the PHA isolated the formation of paucimannosidic-type N-glycans. The modified oligosaccharide isolated from recombinant PHA from the whole plant. After purification, recombinant PHA from transgenic tobacco plants is revealed as a produced by transformed tobacco cells, was found by NMR analysis to be devoid of terminal GlcNAc residues doublet which results from a partial C-terminus proteolytic cleavage as demonstrated for PHA expressed in ( Rayon et al., 1996) . The absence of terminal GlcNAc was also observed for PHA isolated from transgenic transgenic tobacco cells (Rayon et al., 1996) . As described above, PHA isolated from transgenic tobacco tobacco and A. thaliana plants (data not shown). These results confirm that the glycan side-chain on Asn 60 from plants is N-glycosylated by both Man 3 XylFucGlcNAc 2 and Man 3 XylGlcNAc 2 paucimannosidic-type N-glycans bean and from recombinant PHA is processed to paucimannosidic-type N-glycans by successive Golgi and attached to Asn 60, and by high-mannose-type N-glycans attached to Asn 12. PHA purified from tobacco plants post-Golgi modifications. The only change in the glycan structure between the different PHA, is a partial fucosylwas digested by PNGase F and the migration on SDS-PAGE of the resulting deglycosylated PHA was compared ation of the paucimannosidic-type N-glycan in PHA isolated from transgenic tobacco and A. thaliana plants.
to the one of non-treated PHA (Fig. 4A) . PNGase F is able to release all plant N-glycans except those having an Fucosylated and non-fucosylated oligosaccharides were identified in a 1/3 ratio suggesting a lower efficiency of a(1, 3)-fucose residue linked to the proximal N-acetylglucosamine. As a consequence, after PNGase F treatment, the a(1, 3)-FucT in these two systems than in bean and in suspension-cultured tobacco cells (Fig. 3C, D) . The the two polypeptide bands of the tobacco PHA are converted into two doublets. The lower doublet results HPAEC-PAD profiles of the oligosaccharides located on Asn 12 of the natural and recombinant PHA, show from the cleavage of both high-mannose-type N-glycans and non-fucosylated paucimannosidic N-glycans yielding that this site is N-glycosylated by high-mannose-type N-glycans ranging from Man 6 GlcNAc 2 (Man-6) to to the fully deglycosylated PHA. The upper bands corresponds to PHA still bearing the resistent, i.e. fucosylated, Man 9
GlcNAc 2 (Man-9). This confirms that, in mature PHA, the low accessibility of this side-chain to Golgi paucimannosidic glycans attached to Asn 60 as illustrated in Fig. 4A . The same PNGase F treatment was carried enzymes leads to a limited trimming of N-linked glycans by a-Man I into high-mannose-type N-glycans of various out on PHA isolated from the different organs and the same results were obtained ( Fig. 4B) . which demonstrate sizes. However, the differences observed from one expression system to the other in the relative amounts of each the absence of an organ specificity in the N-glycan processing of PHA isolated from transgenic tobacco plants. high-mannose-type glycan species, could reflect different efficiencies of the Golgi a-Man I.
The analysis of oligosaccharides from bean and recomConclusion binant PHA shows that the N-linked glycans of this model glycoprotein are correctly maturated in all plant Given the rapidly growing interest for protein glycosylation in the context of eukaryotic systems that are suited expression systems analysed. Only minor differences of the oligosaccharide structures were observed, which indifor recombinant glycoprotein production, a detailed review on structure, biosynthesis and functions of glycocate that the folding and the assembly of PHA, as well as the processing of the two glycan side-chains are not proteins in plants has been presented. This overview includes ER and Golgi maturations, as well as post-Golgi dependent on the plant expression system. modifications that yields to either complex-type or paucimannosidic-type N-glycans. This was illustrated through
Is PHA N-glycosylation organ specific in the analysis of the N-glycosylation of PHA, a vacuolar transgenic tobacco plants?
glycoprotein, expressed in different plant systems. To establish definitively that the N-glycosylation of a plant To investigate whether the N-glycosylation is organ specific in plants, the N-glycosylation of PHA isolated glycoprotein is related to its location within the cell, the N-glycosylation of an extracellular glycoprotein, the from the different organs of a transgenic tobacco plant was analysed. First, protein extracts from the different carrot cell wall invertase, expressed in transgenic tobacco cells, is currently being studied in this laboratory. This organs were analysed by SDS-PAGE and immunodetection on blots with antibodies specific for deglycosylated model glycoprotein will be targeted to different cell com- partments, i.e. the endoplasmic reticulum and the vacuole, organs. The absence of an organ specificity in N-glycosylation may prevent the production of heterogeneously Nand the N-glycosylation of the ER-invertase and the vacuolar invertase will be compared to the one of extraglycosylated recombinant proteins when purified from whole transgenic plants. In order to determine whether cellular invertase.
Transgenic plants are an important system for the the promising results obtained with the model glycoprotein PHA are confirmed with glycoproteins from other expression of therapeutic recombinant glycoproteins. In any eukaryotic system and particularly in plants, the Norganisms, future work will now focus on the N-glycosylation of mammalian proteins expressed in transgenic glycosylation of the recombinant protein is one of the major problems for the production of functional glycoplants. proteins (Chrispeels and Faye, 1996) . The late events of the processing of N-linked glycans differ in plants and
